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Midbrain dopamine (DA) neurons are not homoge-
neous but differ in their molecular properties and
responses to external stimuli. We examined whether
themodulation of excitatory synapses onDAneurons
by rewarding or aversive stimuli depends on the brain
area towhich theseDAneuronsproject.We identified
DA neuron subpopulations in slices after injection of
‘‘Retrobeads’’ into single target areas of adult mice
and found differences in basal synaptic properties.
Administration of cocaine selectively modified excit-
atory synapses on DA cells projecting to nucleus
accumbens (NAc)medial shell while an aversive stim-
ulus selectively modified synapses on DA cells
projecting to medial prefrontal cortex. In contrast,
synapses on DA neurons projecting to NAc lateral
shell were modified by both rewarding and aversive
stimuli, which presumably reflects saliency. These
results suggest that the mesocorticolimbic DA
system may be comprised of three anatomically
distinct circuits, each modified by distinct aspects
of motivationally relevant stimuli.
INTRODUCTION
It is well accepted thatmidbrain dopamine (DA) neurons and their
target structures are critically involved in the neural circuit modifi-
cations that underlie a variety of adaptiveandpathological behav-
iors including the development and maintenance of addiction
(Wise, 2004; Kalivas and Volkow, 2005; Everitt and Robbins,
2005; Hyman et al., 2006; Schultz, 2007; Wolf, 2010). Until fairly
recently, midbrain DA neurons in the ventral tegmental area
(VTA) and substantia nigra (SN)were thought to be homogeneous
in their properties and behavioral functions. In particular, it has
beendemonstrated that they express characteristic phasic excit-
atory responses to rewards and cues that predict rewards while
being inhibited by omission of rewards (Schultz, 1998). These
findings led to the influential hypothesis that phasicDAcell activity
encodes a reward prediction error, which is critical for reinforce-
ment-dependent learning (Schultz, 1998, 2007, 2010; D’Ardenne
et al., 2008; Dayan and Niv, 2008). In contrast, studies that moni-tored behaviorally relevant in vivo dopamine release often
found target selectivity such that, for example, unconditioned
‘‘rewarding’’ stimuli caused DA release primarily in the nucleus
accumbens (NAc) medial shell, but not in other regions of the
ventral or dorsal striatum (Bassareo et al., 2002; Stuber et al.,
2005; Di Chiara and Bassareo, 2007; Goto et al., 2007; Aragona
et al., 2008). Furthermore, ‘‘aversive’’ stimuli can cause DA
release in a target-specific manner (Abercrombie et al., 1989;
Bassareo et al., 2002; Young, 2004). Indeed, a number of in vivo
studies in both rodents and primates demonstrated a diversity
of firing patterns exhibited by DA cells in response to behaviorally
relevant stimuli (Ungless et al., 2010; Bromberg-Martin et al.,
2010). In rodents, for example, some VTA DA neurons are phasi-
cally excited by aversive stimuli (Mantz et al., 1989; Brischoux
et al., 2009). In nonhuman primates, DA neurons in the VTA and
dorsolateral substantia nigra pars compacta (SNc) also can
encode aversive events and cues predicting such events as well
as other features of stimuli including their motivational salience
(Matsumoto and Hikosaka, 2009; Bromberg-Martin et al., 2010).
These findings have led to the proposal that DA neurons play
a variety of critical roles in motivational control in addition to their
importance for encoding reward prediction errors (Berridge et al.,
2009: Bromberg-Martin et al., 2010; Ungless et al., 2010).
Consistent with the view that midbrain DA cells are not homo-
geneous are recent findings that the specific molecular and
physiological properties of midbrain DA cells are associated
with the target structures to which they project (Lammel et al.,
2008; Margolis et al., 2008). A subgroup of ‘‘unconventional’’
DA neurons with high-frequency firing (>10 Hz) and low DA reup-
take capacity (i.e., low dopamine transporter [DAT]/tyrosine
hydroxylase [TH] expression ratio) is located in themedial poste-
rior VTA and projects to the medial prefrontal cortex (mPFC),
NAc core or NAc medial shell (Lammel et al., 2008). In contrast,
‘‘conventional’’ DA neurons with low-frequency firing (<10 Hz)
are located in the lateral VTA and SNc and project to NAc lateral
shell and dorsal striatum, respectively (Lammel et al., 2008).
These findings raise the important question of whether the
in vivo synaptic modulation and functional responses of DA cells
to different stimuli may be associated with the distinct anatom-
ical target sites to which they project.
Addressing this question is challenging because it requires
unequivocal identification of the specific target area to which an
identified DA cell projects. To begin to address this issue, we
took advantage of the increase in excitatory synaptic strength
on VTA DA neurons caused by passive administration orNeuron 70, 855–862, June 9, 2011 ª2011 Elsevier Inc. 855
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Modulation of DA Neuron Synapses In Vivoself-administration of drugs of abuse (Ungless et al., 2001;
Saal et al., 2003; Borgland et al., 2004; Dong et al., 2004;
Faleiro et al., 2004; Liu et al., 2005; Bellone and Lu¨scher, 2006;
Argilli et al., 2008; Engblom et al., 2008; Stuber et al., 2008;
Chen et al., 2008; Heikkinen et al., 2009). Specifically, we visually
identified and recorded from subpopulations of VTA and SNc DA
neurons projecting to different target structures in acutemidbrain
slicesby injectingfluorescentRetrobeads into themPFC, theNAc
medial shell, the NAc lateral shell, or the dorsolateral striatum of
3-month-old adult C57BL/6 mice (Lammel et al., 2008). We pre-
dicted that theexcitatorysynapsesondistinctDAsubpopulations
would be differently modulated by a rewarding stimulus, specifi-
cally the administration of cocaine. We also examined whether
an aversive stimulus affected these same sets of synapses in a
similar manner. Our results suggest that the long-lastingmodula-
tion of synapses on DA cells caused in vivo by rewarding and
aversive stimuli is not uniform but rather differs dramatically
depending on the respective target structures to which DA
neurons project.Figure 1. Retrograde Labeling of Midbrain DA Neurons
(A) Injection sites (arrows) in green Nissl (488 nm)-counterstained sections
(100 mm) showing typical locations of Retrobeads (546 nm, yellow). From top to
bottom: mPFC (bregma +1.70mm), NAcmedial shell (bregma +1.10mm), NAc
lateral shell (bregma +0.74 mm), dorsolateral striatum (bregma +0.98 mm).
Scale bars = 500 mm. (B) Confocal images showing the anatomical distribution
of retogradely transported Retrobeads (white) in the posterior VTA and SN
after TH-immunohistochemistry (blue) at low magnification (10 3, left panels)
and high magnification (63 3, right panels). Note that cells projecting to the
mPFC are located in medial aspects of the posterior VTA and cells projecting
to the NAc medial shell are located in the ventromedial areas of the posterior
VTA. In contrast, neurons projecting to the NAc lateral shell are located in the
dorsolateral region of the posterior VTA and cells projecting to the dorsolateral
striatum are completely located in the posterior SN. Scale bars = 200 mm (left
panel) and 20 mm (right panel). (C) Pie charts showing the relative number of
retrogradely labeled TH-immunopositive and TH-immunonegative cells that
were located in the posterior VTA or posterior SN (bregma 3.80 to
3.28 mm). Mesocortical, n = 49 cells; mesolimbic medial shell, n = 101 cells;
mesolimbic lateral shell, n = 107 cells; nigrostriatal, n = 140 cells). (D) Repre-
sentative current traces in response to a voltage step from 40 to 120 mV.
Measurements of IRK + leak currents and Ih are indicated in the mesolimbic
lateral shell trace. (E) Magnitude of Ih for each cell population. Numbers of cells
are indicated (*p < 0.05). (F) Magnitude of IRK + leak currents for each cell
population with numbers of cells indicated (*p < 0.05). Bar graphs in E and F
represent means ± SEM.RESULTS
Retrogradely Labeled Neurons in the Posterior VTA
and SN Are Predominantly Dopaminergic
Most previous in vitro electrophysiological studies of midbrain
DA neurons appear to have targeted DA neurons in the anterior
lateral VTA, predominantly the parabrachial pigmented nucleus
(PBP) (Brischoux et al., 2009; Ungless et al., 2010). In addition,
putative DA cells were commonly identified by the presence of
a large hyperpolarization-activated current (Ih) while cells that
lacked this current were considered nondopaminergic (Ungless
et al., 2001; Gutlerner et al., 2002; Saal et al., 2003; Borgland
et al., 2004; Faleiro et al., 2004; Bellone and Lu¨scher, 2006;
Margolis et al., 2006; Hommel et al., 2006; Argilli et al., 2008;
Stuber et al., 2008; Zweifel et al., 2008) even though this criterion
does not unequivocally identify DA neurons (Johnson and North,
1992; Ford et al., 2006; Margolis et al., 2006, 2008; Zhang et al.,
2010a). Therefore, one major goal of this study was to identify
and record from DA cell subpopulations that have largely been
neglected. By using in vivo Retrobead injections to identify the
projection target of individual DA neurons, we first determined
the percentage of retrogradely labeled neurons in the posterior
VTA that are dopaminergic as defined by immunoreactivity for
TH. Injections were made in the mPFC, NAc medial shell, and
NAc lateral shell to label VTA DA neurons as well as the dorsolat-
eral striatum for labeling of nigrostriatal DA cells (Figure 1A). In
agreement with previous results (Lammel et al., 2008) we found
that retrogradely labeled neurons that project to the mPFC and
medial shell of the NAc are mainly located in the medial posterior
VTA, medial paranigral nucleus and adjacent medial aspects of
the PBP nucleus (Figure 1B). In contrast, neurons that project
to the lateral shell of the NAc were located in the lateral VTA,
mainly in the lateral PBP nucleus. Nigrostriatal neurons were
almost exclusively found in the SNc. Approximately 80%–95%
of the retrogradely labeled cells in the posterior VTA and SN
also were immunopositive for TH indicating that they were dopa-
minergic (Figure 1C, n = 49–140 cells for each group).856 Neuron 70, 855–862, June 9, 2011 ª2011 Elsevier Inc.Recordings from retrogradely labeled neurons revealed
significant differences in the magnitude of Ih depending on
the neurons’ projection targets. Cells projecting to the mPFC
or NAc medial shell exhibited an Ih that was dramatically
smaller than those recorded from neurons projecting to the
Figure 2. Excitatory Synapses on DA Neuron Subpopulations Have Distinct Properties
(A) Sample AMPAR- and NMDAR EPSCs at +40 mV from different subpopulations of DA neurons. (B) AMPAR/NMDAR ratios at +40 mV (left panel) and
at 70 mV/+40 mV (right panel) in the different DA neuron subpopulations. Numbers of cells are indicated (*p < 0.05). Bar graphs represent means ± SEM.
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Modulation of DA Neuron Synapses In VivoNAc lateral shell or dorsal striatum (Figures 1D and 1E, meso-
cortical neurons: 24.2 ± 9.4 pA, n = 8; mesolimbic medial shell
neurons: 10.7 ± 0.9 pA, n = 8; mesolimbic lateral shell neurons:
183.4 ± 24.3 pA, n = 15; nigrostriatal neurons: 164.8 ± 32.9 pA,
n = 6). Time-independent inward leak currents mediated by
background conductances were smaller only in the cells projec-
ting to NAc medial shell (Figures 1D and 1F, mesocortical
neurons: 158.7 ± 41.6 pA, n = 8; mesolimbic medial shell
neurons: 63.8 ± 19.1 pA, n = 8; mesolimbic lateral shell neurons:
255.7 ± 42.0 pA, n = 15; nigrostriatal neurons: 182.7 ± 43.8 pA,
n = 6). All of the recorded neurons in Figures 1D–1F were filled
with 0.1% neurobiotin and were confirmed to be TH-positive by
immunocytochemistry (Figure S1, available online). Together,
these results demonstrate that on average, more than 80% of
retrogradely labeled cells in the posterior VTA are dopaminergic
independent of their projection targets. Furthermore, because
DA neurons projecting to the mPFC and medial shell of the
NAc are primarily located in the medial posterior VTA and lack
a prominent Ih, it is likely that these neurons have been ne-
glected in most previous in vitro studies.Differences in Basal Properties of Excitatory Synapses
on DA Neuron Subpopulations
We next examined the basal properties of excitatory synapses
on the different DA neuron subpopulations in adult (3 months
old) C57Bl/6 mice. Because quantitative estimates of basal
evoked synaptic strength are very difficult to obtain in slice prep-
arations in which the magnitude of the activated afferent input
cannot be measured, we calculated the ratio of AMPA receptor
(AMPAR)-mediated to NMDA receptor (NMDAR)-mediated
excitatory postsynaptic currents (EPSCs), a commonly used
measure of basal synaptic properties (Kauer and Malenka,
2007). When measured at +40 mV, the AMPAR/NMDAR ratios
in cells that express a large Ih and project to the NAc lateral shell
and dorsal striatum were similar to those reported in previous
studies where the presence of an Ih was used to identify DA
neurons (Figures 2A and 2B, mesolimbic lateral shell neurons:
0.37 ± 0.03, n = 10; nigrostriatal neurons: 0.42 ± 0.07, n = 9)
(Ungless et al., 2001; Saal et al., 2003; Dong et al., 2004;
Faleiro et al., 2004; Liu et al., 2005; Bellone and Lu¨scher,
2006; Argilli et al., 2008; Engblom et al., 2008; Stuber et al.,
2008; Heikkinen et al., 2009). In contrast, the AMPAR/NMDARratios at +40 mV in cells that possess a small Ih and project to
mPFC or NAc medial shell were, on average, significantly higher
(Figures 2A and 2B, mesocortical neurons: 0.61 ± 0.04, n = 10;
mesolimbic medial shell neurons: 0.60 ± 0.03, n = 8). Because
the presence of inwardly rectifying, GluA2-lacking AMPARs
can influence the AMPAR/NMDAR ratios when measured
at +40 mV (Isaac et al., 2007), we also calculated the AMPAR/
NMDAR ratios based on recording AMPAR EPSCs at 70 mV
and NMDAR EPSCs at +40 mV. Again, the ratios were signifi-
cantly higher in cells projecting to the mPFC or NAc medial shell
(Figure 2B, right panel, mesolimbic lateral shell neurons: 2.11 ±
0.19, n = 9; nigrostriatal neurons: 1.63 ± 0.26, n = 8; mesocortical
neurons: 3.26 ± 0.55, n = 8; mesolimbic medial shell neurons:
3.34 ± 0.23, n = 7). We also examined the weighted decay
time constant (tW) of the NMDAR EPSCs recorded at +40 mV
and found that it was larger in nigrostriatal neurons when
compared to the other neuronal subpopulations although this
difference reached statistical significance only when compared
to the decay time constant of neurons projecting to mPFC (Fig-
ure S2A, mesolimbic lateral shell neurons: 75.0 ± 19.4 ms,
n = 10; nigrostriatal neurons: 138.5 ± 16.5 ms, n = 9; mesocort-
ical neurons: 52.5 ± 10.0 ms, n = 10; mesolimbic medial
shell neurons: 88.5 ± 17.2 ms, n = 8). Finally, we measured
paired-pulse ratios at 50 ms and 100 ms interstimulus intervals
(Figure S2B) but found no differences between the subpopula-
tions of neurons in this estimate of the average probability of
transmitter release. The larger AMPAR/NMDAR ratios in meso-
cortical and mesolimbic medial shell neurons are consistent
with our suggestion that these neurons have not previously
been studied and suggest that the basal properties of their excit-
atory synapses are different from synapses on mesolimbic
lateral shell neurons and nigrostriatal neurons.Differences in Cocaine-Induced Synaptic Plasticity
in DA Neuron Subpopulations
Given that some of the basic properties of DA neurons differ
depending on the brain regions to which they project, a critical
question is whether these neuronal subpopulations are all
modulated in the same manner by a ‘‘rewarding’’ experience.
To address this issue, we took advantage of the well-established
modification of excitatory synapses on VTA DA neurons caused
by in vivo administration of drugs of abuse, an increase in theNeuron 70, 855–862, June 9, 2011 ª2011 Elsevier Inc. 857
Figure 3. Cocaine Administration Increases
AMPAR/NMDAR Ratios Only in DA Cells
Projecting to NAc
(A–D) Sample AMPAR and NMDAR EPSCs (left
panels) and magnitude of AMPAR/NMDAR ratios
(right panels) in different DA neuron subpopula-
tions in animals that received saline or cocaine
injections 24 hr prior to slice preparation. Numbers
of cells are indicated (*p < 0.05). Note that DA cells
projecting to NAc lateral shell (A) and NAc medial
shell (D) showed large increases in AMPAR/
NMDAR ratios but nigrostriatal cells (B) and cells
projecting to mPFC (C) did not. The control cells in
C are the same as those shown in Figure 2B. (E)
Sample AMPAR and NMDAR EPSCs recorded
from DA cells projecting to NAc medial shell 10 or
21 days after cocaine administration. (F) Magni-
tude of AMPAR/NMDAR ratios at these time
points compared to saline injected animals.
Numbers of cells are indicated (*p < 0.05). Bar
graphs in A–F represent means ± SEM.
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Modulation of DA Neuron Synapses In VivoAMPAR/NMDAR ratio (Ungless et al., 2001; Saal et al., 2003;
Borgland et al., 2004; Dong et al., 2004; Faleiro et al., 2004;
Liu et al., 2005; Bellone and Lu¨scher, 2006; Argilli et al., 2008;
Chen et al., 2008; Engblom et al., 2008; Heikkinen et al.,
2009). Twenty-four hours prior to slice preparation, cocaine
(15 mg/kg, ip) or, in most experiments, saline (0.9%, ip, volume
matched for experimental injections) was administered to
animals that 1–3 weeks previously had been injected with Retro-
beads. Consistent with previous results, neurons projecting to
NAc lateral shell and which express a large Ih exhibited a clear
increase in their AMPAR/NMDAR ratios after cocaine adminis-
tration (Figure 3A: saline, 0.33 ± 0.06, n = 7; cocaine, 0.61 ±
0.05, n = 13; p = 0.003). Surprisingly, however, cocaine did
not significantly increase AMPAR/NMDAR ratios in either nigros-
triatal cells (Figure 3B, saline: 0.34 ± 0.02, n = 6; cocaine: 0.48 ±
0.06, n = 14; p = 0.169) or in VTA cells projecting to mPFC (Fig-
ure 3C, control: 0.61 ± 0.04, n = 10; cocaine: 0.59 ± 0.07, n = 6;
p = 0.765). In contrast, even though the basal AMPAR/NMDAR
ratios were high, a large increase occurred in VTA DA neurons
projecting to NAc medial shell (Figure 3D, saline: 0.60 ± 0.07,
n = 5; cocaine: 1.1 ± 0.08, n = 9; p = 0.002). Cocaine administra-
tion did not affect the paired-pulse ratios in any DA neuron
subpopulations (data not shown). These results demonstrate
that one prominent form of synaptic plasticity in midbrain DA
neurons elicited by a rewarding experience is associated with
the brain area to which the DA neuron projects. Furthermore,
the increase in the AMPAR/NMDAR ratio elicited by cocaine
does not require a low basal value and is not restricted to
neurons with a large Ih.
In VTA neurons with a large Ih, the increase in the AMPAR/
NMDAR ratio elicited by noncontingent administration of858 Neuron 70, 855–862, June 9, 2011 ª2011 Elsevier Inc.cocaine lasted 5 but not 10 days (Ung-
less et al., 2001), even after 7 days of
cocaine injections (Borgland et al.,
2004). In contrast, self-administration of
cocaine caused an increase lasting3 months (Chen et al., 2008). These findings raise the question
of whether the large cocaine-elicited increase in the AMPAR/
NMDAR ratio in DA neurons projecting to NAc medial shell (Fig-
ure 3D), cells that have not been studied previously, is long
lasting or not. We first prepared slices 10 days after a dose
of cocaine and found that the AMPAR/NMDAR ratio was still
increased (Figures 3E and 3F, saline: 0.60 ± 0.07, n = 5; after
10 days, 0.96 ± 0.09, n = 9; p = 0.018). Surprisingly, the ratio
remained increased even 21 days after cocaine administration
(Figures 3E and 3F, after 21 days, 0.91 ± 0.12, n = 4; p =
0.047). We also examined whether the lack of increase in the
AMPAR/NMDAR ratio in mesocortical and nigrostriatal DA
neurons after a dose of cocaine could be overcome by using
a chronic administration protocol. However, daily administra-
tion of cocaine for 5 days had no effect in either of these DA
cell types (Figure S3, mesocortical, 5 days of cocaine: 0.70 ±
0.14, n = 5; 5 days of saline: 0.58 ± 0.06, n = 3; p = 0.467; ni-
grostriatal, 5 days of cocaine: 0.41 ± 0.05, n = 6; 5 days of
saline: 0.44 ± 0.06, n = 7; p = 0.646). These results demonstrate
that the modulation of synaptic function in DA neurons by
administration of cocaine is not uniform but is associated
with the brain area to which the DA neuron projects. Long-
lasting changes occur in neurons that project to the NAc medial
shell while detectable changes do not occur in neurons projec-
ting to PFC and in nigrostriatal cells.
Differences in Synaptic Plasticity Induced by an
Aversive Experience in DA Neuron Subpopulations
Although in vivo single-unit recordings primarily in nonhuman
primates as well as rodents have revealed that many midbrain
DA neurons are excited by rewarding stimuli or cues that predict
Figure 4. An Aversive Stimulus Increases
AMPAR/NMDAR Ratio in DA Cells Projec-
ting to the mPFC
(A–D) Sample AMPAR and NMDAR EPSCs (left
panels) and magnitude of AMPAR/NMDAR ratios
(right panels) in different DA neuron subpopula-
tions in animals that received hindpaw formalin
injections 24 hr prior to slice preparation. Numbers
of cells are indicated (*p < 0.05). Note that DA cells
projecting to the mPFC (A) and NAc lateral shell (C)
showed increases in AMPAR/NMDAR ratios but
nigrostriatal cells (D) and cells projecting to NAc
medial shell (B) did not. The control cells in these
panels are the same as those shown in Figure 2B.
(E) Summary of some of the basal properties of the
DA cell subpopulations and the modulation of their
excitatory synapses by rewarding and aversive
stimuli. Note that DA neurons projecting to the NAc
lateral shell can be found in the anterior and
posterior VTA (yellow dots) while DA neurons pro-
jecting to themPFCandNAcmedial shell aremainly
located in the posterior VTA (red and green dots).
Bar graphs in (A)–(D) represent means ± SEM.
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Modulation of DA Neuron Synapses In Vivorewards (Schultz, 2010), subpopulations of putative DA neurons
are excited by aversive stimuli (Mirenowicz andSchultz, 1996;Bri-
schoux et al., 2009; Matsumoto and Hikosaka, 2009; Bromberg-
Martin et al., 2010, Ungless et al., 2010). This raises the possibility
that theDAneuron subpopulations that did not exhibit an increase
in the AMPAR/NMDAR ratios in response to cocainemight exhibit
such a change in response to an ‘‘aversive experience.’’ To test
this hypothesis, we gave animals an injection of formalin in the
plantar surfaceof a hindpaw,a stimulusoftenused togenerate irri-
tation (Dubuisson andDennis, 1977), and one that increases c-fos
immunoreactivity in VTA DA neurons (Ma et al., 1993). In contrast
to cocaine, this aversive experience caused an increase in the
AMPAR/NMDAR ratio in DA neurons projecting to mPFC (Fig-
ure 4A, control: 0.61 ± 0.04, n = 10; aversive: 0.94 ± 0.06, n = 7;
p = 0.0003), but not in DA neurons projecting to the NAc medial
shell (Figure 4B, control: 0.60 ± 0.03, n = 8; aversive: 0.58 ±
0.06, n = 8; p = 0.831). It did, however, cause an increase in the
neurons projecting to NAc lateral shell (Figure 4C, control: 0.37 ±
0.03, n = 10; aversive: 0.48 ± 0.04, n = 9; p = 0.035). Finally,
AMPAR/NMDAR ratios in nigrostriatal cells were unaffected by
this aversive experience (Figure 4D, control: 0.42 ± 0.07, n = 9;
aversive: 0.34 ± 0.04, n = 7; p = 0.372).
In initial experiments, we found that approximately 20% of the
neurons projecting to themPFC in the posterior VTA did not stain
for TH (Figure 1C). Because the mesocortical neurons exhibited
the most unusual behavior among the subpopulations we
studied, an increase in the AMPAR/NMDAR ratio after an aver-Neuron 70, 855–sive stimulus, but not after cocaine, we
wanted to confirm that these changes
were in fact occurring in DA neurons.
We therefore obtained transgenic mice
that expressed GFP under control of the
TH promoter (Sawamoto et al., 2001),
confirmed that the GFP-expressing mes-
ocortical cells stained for TH (Figure S4),and recorded from GFP-positive cells which were also labeled
with Retrobeads that were injected into the mPFC (Figure S5A).
Similar to C57BL/6 mice, in the TH-GFP mice, DA neurons pro-
jecting to the mPFC exhibited a high basal AMPAR/NMDAR
ratio, no increase in this ratio 24 hr after cocaine administration,
and a large increase 24 hr after the aversive experience (Figures
S5B and S5C, control: 0.60 ± 0.06, n = 6; cocaine: 0.48 ± 0.05,
n = 4; p = 0.2167; aversive: 1.22 ± 0.17, n = 7; p = 0.0076).
Ten days after the aversive experience, however, the AMPAR/
NMDAR ratio was no longer significantly increased (0.65 ±
0.14, n = 4; p = 0.699). Thus, the unusual synaptic modulation
observed in mesocortical DA neurons in response to rewarding
and aversive stimuli was replicated in a second mouse line in
which DA neurons could be visually identified.
DISCUSSION
A major goal of modern neuroscience research is to elucidate
how specific modifications in defined neural circuits mediate
particular types of experience-dependent behavioral plasticity.
Over the last decade, important new approaches have
become available to facilitate this effort ranging from
genetically modified mice in which transgenes are expressed
in specific cell types (Malenka, 2002) to optogenetics (Zhang
et al., 2010b). Despite these advances, when cell types are
not genetically identifiable based on their specific connec-
tivity, other more traditional approaches remain valuable.862, June 9, 2011 ª2011 Elsevier Inc. 859
Neuron
Modulation of DA Neuron Synapses In VivoHere, we have defined differences in the experience-depen-
dent modulation of subpopulations of midbrain DA neurons
that are categorized based on their projections to different
target areas as shown by the presence of retrogradely trans-
ported fluorescent beads (Ko¨bbert et al., 2000; Lammel et al.,
2008). These target areas, which include the mPFC, different
subregions of the NAc, and the dorsal striatum, are key compo-
nents of anatomically and functionally related circuits that are
involved in awide range of adaptive and pathologicallymotivated
behaviors (Wise, 2004; Everitt andRobbins, 2005; Ikemoto, 2007;
Everitt et al., 2008; Berridge et al., 2009; Schultz, 2010; Brom-
berg-Martin et al., 2010; Ungless et al., 2010; Wolf, 2010). In
particular, because DA cell activity and the consequent release
of DA in target structures are associated not only with rewards
and reinforcement-dependent learning (Schultz, 2010), but also
appear to play an important role in the motivational responses
to aversive as well as other salient stimuli (Berridge et al., 2009;
Bromberg-Martin et al., 2010; Ungless et al., 2010), we wanted
to compare the effects of a simple rewarding versus aversive
experience on these different DA subpopulations.
Themajor finding of this studywas that excitatory synapses on
subpopulations of DA neurons with different axonal projection
targets were modified distinctly after a rewarding cocaine expe-
rience versus an aversive experience (Figure 4E). Synapses on
DA neurons projecting to NAc medial shell were selectively
modified by the rewarding stimulus while synapses on DA
neurons projecting to mPFC were modified only by the aversive
stimulus. In contrast, synapses on DA cells projecting to NAc
lateral shell were modified by both rewarding and aversive
stimuli, suggesting that this modulation may encode occur-
rence of a salient stimulus independent of its valence. These
findings are consistent with the idea that mesocorticolimbic
DA circuitry may comprise multiple parallel circuits that encode
distinct aspects of a motivational stimulus, its valence in terms
of its rewarding or aversive properties as well as its salience
(Bromberg-Martin et al., 2010). Parallel processing and repre-
sentation of the distinct features of a motivational stimulus in
different circuits can be viewed as analogous to the neural
circuit mechanisms by which many sensory systems encode
complex sensory stimuli. In the context of this hypothesis, an
important topic for future research will be to elucidate the
mechanisms by which stress and drugs of abuse interact and
cross-sensitize, both in terms of their behavioral consequences
and the changes they elicit in extracellular dopamine.
The larger and longer lasting increase in the AMPAR/NMDAR
ratio in DA neurons projecting to NAc medial shell compared to
those projecting to NAc lateral shell is consistent with studies re-
porting that cocaine administration elicits the largest increase in
extracellular DA concentration within the NAc medial shell
(Stuber et al., 2005; Di Chiara and Bassareo, 2007; Aragona
et al., 2008). This conclusion is based on the assumption that
increases in the AMPAR/NMDAR ratio correlate with a net
increase in synaptic strength (Ungless et al., 2001; Kauer and
Malenka, 2007) and that this drives increased spiking activity in
the DA cell subpopulation in vivo. The long-lasting synaptic
changes in themesolimbicmedial shell DA neurons after cocaine
administration may also contribute to the delayed yet persistent
synaptic adaptations observed at excitatory synapses in theNAc860 Neuron 70, 855–862, June 9, 2011 ª2011 Elsevier Inc.(Kauer and Malenka, 2007; Conrad et al., 2008; Kalivas, 2009;
Chen et al., 2010; Wolf, 2010), changes that are dependent on
the initial synaptic adaptations in midbrain DA neurons (Mameli
et al., 2009).
The most surprising results were that excitatory synapses on
DA neurons projecting to the mPFC did not appear to be modi-
fied by cocaine, yet were clearly changed by an aversive experi-
ence. It must be acknowledged that a lack of change in the
AMPAR/NMDAR ratio does not prove that no changes in excit-
atory synaptic properties have occurred. However, in all
previous ex vivo studies of putative DA neurons, this measure
has been found to be increased by drugs of abuse as well as
by reward-dependent learning. Thus, it seems unlikely that
somehow cocaine administration modified excitatory synapses
on mesocortical DA neurons in a manner that did not affect the
AMPAR/NMDAR ratio, especially because the aversive experi-
ence did increase this ratio in this same neuronal population.
Accepting that the experience-dependent synaptic adapta-
tions we have identified translate into differences in the synaptic
drive onto DA cells and therefore in their activity in vivo, there are
several implications of our results. They suggest that the DA
cells that have been found to be excited by aversive stimuli
in vivo (Mirenowicz and Schultz, 1996; Brischoux et al., 2009;
Matsumoto and Hikosaka, 2009) may primarily be DA cells
that specifically project to the mPFC. Consistent with this possi-
bility are reports that tail-shock stress increased extracellular DA
levels in the mPFC to a much greater degree than in dorsal stria-
tum or NAc (Abercrombie et al., 1989), that a noxious tail pinch
excites mesocortical but not mesolimbic DA neurons (Mantz
et al., 1989), and that aversive taste stimuli rapidly increased
DA in the PFC (Bassareo et al., 2002), but not in the NAc medial
shell (Bassareo et al., 2002; Roitman et al., 2008). Furthermore,
the putative DA cells in rats that were excited by noxious stimuli
were located in the ventromedial aspect of the posterior VTA
(Brischoux et al., 2009), the same area of the VTA in which we
found most mesocortical DA neurons (Figure 1). Our results
also suggest that the modulation of circuitry within the brain
areas targeted by DA cells will be different for rewarding versus
aversive stimuli. This makes sense because the behavioral
responses to a rewarding versus an aversive experience will
be different (e.g., approach versus avoidance) and therefore
will involve different, although perhaps overlapping, neural
circuit modifications.
Drug addiction can be conceptualized as the endpoint of
a series of behavioral transitions beginning with voluntary
drug use, because the drug has reinforcing, often hedonic,
effects, and ending with loss of control over behavior such
that drug intake becomes habitual and ultimately compulsive
(Kalivas and Volkow, 2005; Hyman et al., 2006; Everitt and
Robbins, 2005; Everitt et al., 2008). These behavioral transi-
tions may correspond to a transition from limbic and prefrontal
cortical control over goal-directed behavior to dorsostriatal
control as drug intake becomes compulsive (Haber et al.,
2000; Kalivas and Volkow, 2005; Everitt and Robbins, 2005;
Everitt et al., 2008; Hyman et al., 2006; Ikemoto, 2007). The
immediate (within 1 day) modification of synapses on mesoac-
cumbens DA neurons by cocaine administration versus the
lack of such changes at synapses on nigrostriatal DA neurons
Neuron
Modulation of DA Neuron Synapses In Vivocan be viewed as consistent with this proposal and suggests
that prolonged exposure to cocaine may be required for
changes in nigrostriatal cells to occur. Our results can also
be viewed as consistent with a hierarchical organization of
drug-evoked plasticity in these circuits (Kalivas and O’Brien,
2008) such that DA neurons projecting to the NAc underlie
the initial reinforcing effects of drugs of abuse, whereas DA
neurons projecting to the mPFC and dorsolateral striatum are
more engaged later during the transition to addiction.
In summary, this study provides evidence in support of the
hypothesis that midbrain DA neurons are not homogeneous
but instead subserve a variety of functions in support of the
control over motivated behaviors (Berridge et al., 2009; Brom-
berg-Martin et al., 2010; Ungless et al., 2010). They suggest
that the long-lasting modulation of individual DA neuron activity
by salient stimuli is associated with the specific target brain
areas they influence, a conclusion that is not surprising but
nevertheless is important because its corollary is that the path-
ological behaviors involving mesocorticolimbic DA circuitry
involve modulation of distinct DA neuron subpopulations.
Clearly, the ex vivo approach taken here cannot be used to
define the behavioral roles of the DA neuron subpopulations.
However, the differences we have demonstrated provide moti-
vation to develop molecular tools that will allow precise in vivo
control over the activity of these subpopulations so that their
behavioral functions can be clearly elucidated.EXPERIMENTAL PROCEDURES
Recordings from retrogradely labeled DA neurons were performed essentially
as previously described (Lammel et al., 2008). All experimental procedures are
described in detail in Supplemental Experimental Procedures.SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/j.
neuron.2011.03.025.
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